Neural network control
Prominent features of neural networks (NN) have drawn much attention in control research areas especially in robot control systems (Lewis, 1998) . Some of this features that are closely related to control design strategies are:
• Universal approximation: neural networks can approximate smooth nonlinear functions with any degree of accuracy. This feature may be utilized in nonlinear control systems.
• Learning and adaptation: neural networks can be trained off-line with adequate amount of data or they can be adapted on-line with appropriate adaptation laws. This property is applied to identification concerns.
• MIMO characteristic: neural networks can accept many inputs and can produce required number of outputs. So they are appropriate for MIMO control systems.
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There are many other distinguished features as parallel processing, hardware implementation and data fusion etc. that we neglect them here. Also, fuzzy logic may be employed for constructing special networks like fuzzy-neural-networks. Alternatively, neural networks may be exerted to fuzzy control design like neuro-fuzzy control systems.
In the reminder of this chapter three methods are proposed for controller designs. In the first case, sliding mode control plays the main role and fuzzy logic is employed for tuning the controller gains. In the second case, fuzzy control and sliding mode control have the parallel mission in control strategy. Finally, the third case proposes the sliding mode control method by using adaptive neural network approach.
Sliding mode control using fuzzy approach 2.1 Sliding_mode_PID controller design by using of fuzzy tuning
This section addresses a chattering free sliding mode control (SMC) for a robot manipulator including PID part with a fuzzy tunable gain. The main idea is that the robustness property of SMC and good response characteristics of PID are combined with fuzzy tuning gain approach to achieve more acceptable performance. For this purpose, in the first stage, a PID sliding surface is considered such that the robot dynamical equations can be rewritten in terms of sliding surface and its derivative and the related control law of the SMC design will contain a PID part. The stability guarantee of this sliding mode PID-controller is proved by a lemma using Lyapunov direct method. Then, in the second stage, in order to decrease the reaching time to the sliding surface and deleting the oscillations of the response, a fuzzy tuning system is used for adjusting both controller gains including sliding controller gain parameter and PID coefficients (Ataei & Shafiei, 2008) .
Mathematical model of the system
The dynamical equation of an n-link robot manipulator in the standard form is as follows (Spong & Vidiasagar, 1989) : Property 2.2. The matrix of (2 ) M C − is skew-symmetric, i.e. for any vector of X , we have (2 )0 T XM C X −= .
Sliding mode control with PID
The objective of the tracking control is to design such a control law, for obtaining the suitable input torque τ , that the position vector q could track the desired trajectory d q . In this regard, the tracking error vector is defined as follows:
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In order to apply the SMC, the sliding surface is considered as relation (3) 
where i λ is diagonal positive definite matrix. Therefore, 0 s = is a stable sliding surface and 0 e → as t →∞. The robot dynamical equations can be rewritten based on the sliding surface (in term of filtered error) as: 
is an estimation of f and 
In order to govern the system states (,) ee to reach the sliding surface 0 s = in a limited time and to remain there, the control law should be designed such that the following sliding condition is satisfied (Slotin & Li, 1991) :
This aim is fulfilled in the following lemma. Lemma 2.1. In the SMC design of a system with dynamical equation (1) 
Then, the sliding condition (10) is satisfied by equation (4). Proof: Consider the following Lyapunov function candidate:
Since M is positive definite, for 0 s ≠ we have 0 V > and by taking derivative from relation (12) and regarding the symmetric property of M, it can be written:
By substituting (4) into (13) and considering that ( 2 ) 0 T sM C s − = , we have:
By replacing the relation (6) into (14), V can be rewritten as:
Since the following inequality (16) is valid and by regarding the relation (11), we have:
Finally, it can be concluded that:
This indicates that V is a Lyapunov function and the sliding condition (10) has been satisfied. The use of sign function in the control law leads to high oscillations in control torque which is undesired phenomenon and is called chattering. To overcome this drawback, there are some solutions that one of them is using the following saturation function instead of sign function in the discontinuous part of the control law:
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By this, there is a boundary layer ϕ around the sliding surface such that once the state trajectory reaches this layer, then it will be remaining there.
Fuzzy gain tuning
As mentioned before, by using a high gain in SMC, i.e. K, the sensitivity of the controller to the model uncertainties and external disturbances can be reduced. Moreover, a high gain in PID part of the control system () v K can reduce the reaching time to sliding surface and tracking error. However, increasing the gain causes the increment of the oscillations in the input torque around the sliding surface. Therefore, if this gain can be tuned based on the distance of the states to the sliding surface, a more acceptable performance can be achieved. In the other words, the value of gain should be selected high when the state trajectory is far from the sliding surface and when the distance is decreasing, its value should be decreased. This idea can be accomplished by using fuzzy logic in combination with SMC to tune the gain adaptively. For this purpose, two-input one-output fuzzy system is designed whose inputs are s and s which are the distance of state trajectories to the sliding surface and its derivative, respectively. The membership functions of these two inputs are shown in Fig. 1 . The output of the fuzzy system is denoted by fuzz K and has been shown in Fig. 2 . For applying these gains to the control input, the normalization factors N and v N are used as the following relations:
These factors can be selected by trial and error such that the stability condition (17) is satisfied. The maximum values of K and K v are limited according to the system actuators power, and the minimum value of K should not be less than the provided amount in relation (17). The fuzzy rule base has been given in and the disturbance torque is considered as:
which leads to 0.5 0.5
The design parameters are determined as follow:
Values of ϕ and η are selected as 0.167
Moreover, the factors N and v N are selected as:
In order to show the improvement due to the proposed method, the simulation results of applying this method are compared with the related results of the conventional SMC. The tracking error and control law in the case of conventional SMC have been shown in Fig. 3 and Fig. 4 , respectively. The corresponding graphs for the case of applying fuzzy SMC-PID are also provided in Fig. 5 and 6. Fig. 3 . The tracking errors in the case of using conventional SMC As it can be seen from these figures, the proposed fuzzy SMC-PID has faster response and less tracking error in comparison with conventional SMC. In order to show more clearly the difference between the tracking errors in two cases, the enlarged graphs have been provided in Fig. 7 and 8. 
Incorporating sliding mode and fuzzy control
In this section, a combined controller includes SMC term and fuzzy term is proposed for setpoint tracking of robot manipulators. Some practical issues, such as existence of joint frictions, restriction on input torque magnitude due to saturation of actuators, and modeling uncertainties have been considered here. Design procedure contains two steps. First, SMC design is accomplished and system stability in this case is provided by Lyapunov direct method. When the tracking error would be less than predefined value then a sectorial fuzzy controller (SFC), (Calcev, 1998) , is responsible for control action. Designing of this kind of fuzzy controller is exactly the same as in which has performed in (Santibanez et al., 2005) . This proposed controller has following advantages. 1) There are less tracking errors versus traditional SMC in condition that the control input is limited, 2) the chattering is avoided, 3) convergence of tracking error is more rapid than fuzzy controller designed in (Santibanez et al., 2005) and modeling uncertainty is considered here (Shafiei & Sepasi, 2010) .
Mathematical model and problem formulation
This time the friction of joint is considered and is added to dynamical equation (1) as:
where ( , ) n F q R τ ∈ stands for the friction vector which is as follows (Cai & Song, 1994) :
where ( 
Cqq and () Gq might be shown by M , C , and G , respectively in where it would be requisite. Now, the boundedness properties are defined as below:
where i g stands for the i-th element of () Gq and i g is finite nonnegative constant. Assume that the maximum torque that joint actuator can supply is max τ . Therefore:
and each actuator satisfies the following condition:
In robot modeling, one can well determine the terms () M q and () Gq but it is difficult in most cases obtaining the parameters of (,) Cqq and (,) Fqτ exactly. So, in present section, the matrix C is considered as follows:
where Ĉ denotes estimation of C , and C Δ is bounded estimation error which has the following relation:
where , i j C stands for elements of the matrix C . Also the vector F is supposed as an external disturbance with the following unknown upper bound:
where the operator ⋅ denotes Euclidean norm.
If one considers the desired point which joint position must be held on it as d q , then the position error could be defined as:
Here, the set-point tracking problem refers to define the control law such that error e would be driven toward the inside of an arbitrary small region around zero with maintaining the torques within the constraints (33). In succeeding subsections, this aim will be attained.
Sliding mode controller design
The following sliding surface is considered for designing SMC controller.
where
is error vector and λ is supposed symmetric positive definite matrix such that s=0 would become a stable surface. The reference velocity vector " r q " is defined as in (Slotin & Li, 1991) :
Thus, one can interpret sliding surface as:
Here, the SMC controller design is expressed by lemma 2.2. Lemma 2.2. Consider the system with dynamic equation (30) and sliding surface and reference velocity defined by (39) and (40) Proof: Consider the following Lyapunov function candidate:
Since M is positive definite, for 0 s ≠ we have 0 V > and by taking time derivative of the relation (45) and regarding the symmetric property of M, it can be written:
from (40), gives:
By substituting (30) in (47) and considering asymmetry property (2 ) 0 T sM C s − = , we have:
Now, applying (42) and (43) yields:
Finally, from relation (44) it can be concluded that:
This indicates that V is a Lyapunov function and the sliding condition (10) has been satisfied. Note that, in general, the sign function is replaced by saturation function as
where ϕ denotes boundary layer thickness.
Fuzzy controller design
In this section, the SFC class of fuzzy controller studied in (Santibanez et al., 2005) is considered which has two-input one-output rules used in the formulation of the knowledge base. These IF-THEN rules have following form: The fuzzy system considered here has following specifications: Singleton fuzzifier, triangular membership functions for each inputs, singleton membership functions for the output, rule base defined by (51), (see Table. 2), product inference and center average defuzzifier. Proof: the stability analysis is based on the study performed in (Calcev 1998) and is fully discussed in (Santibanez et al., 2005) , so it is omitted here. Note that for constant set-point we have 0 
PB
d q = , hence= − .
Incorporating SMC and SFC
Each of the two controllers explained in last two subsections drives the robot joint angles to desired set-point in finite time and according to the Lemma 2.2 and 2.3 the closed-loop system is stable in both cases. In this section, for utilizing advantages of both sliding mode control and sectorial fuzzy control, and also minimizing the drawbacks of both of them, the following control law is proposed: 
where α is strictly positive small parameter which can be determined adaptively or set to a constant value. So, while the magnitude of error is greater than or equal to α , SMC drives the system states, errors in our case, toward sliding surface and as soon as the magnitude of error becomes less than α , then the SFC which is designed independent of initial conditions, controls the system. Since the SMC shows faster transient response, the response of the system controlled by (54) is faster than the case of SFC. Additionally, in spite of the torque boundedness, since the SFC controls the system in the steady state, the proposed controller (54) has less set-point tracking error. Also, since near the sliding surface the proposed controller switch from SMC to SFC, therefore, the chattering is avoided here. 
According to the actuators manufacturer, the direct drive motors are able to supply torques within the following bounds: The tracking error in this case is about 0.1(rad) and when one choose the thinner boundary layer to decrease this error, chattering will be occurred. The corresponding graphs for the case of applying SFC are also provided in Fig. 14, and Fig. 15 . In the case of control law proposed in the present section, Fig. 16 and Fig. 17 illustrate the error vector and control law, respectively. The tracking error is about 0.002 in this state of affairs.
As it can be seen from these results, the proposed incorporating SMC and SFC controller has faster response and less tracking error in comparison with SMC and also the error vector converges toward zero faster than SFC. In order to show the robustness of the proposed method, the inertia and torque perturbations are considered as following. The elements of inertia matrix are supposed to increase fifty percent after 2 sec. It can be a weight that added to the mass of 2 nd link. Also, disturbance torque is considered with the following equation.
[ ] In this case, the vector of joint errors is shown in Fig. 18 . The errors are as good as previous case. Fig. 19 illustrates the control torques which are not change significantly, and because of existing perturbations, they alter trivially after 2 sec. these two recent results verify the robustness of the presented approach. 
Sliding mode control using neural network approach
Sliding-Mode-PID control for robot manipulator was explored by (Ataei & Shafiei, 2008) . In their study, although, the uncertainties are considered but controller design is extremely model-dependent. Also, control command starts with high gain and actuator dynamics is neglected. Moreover, stability analysis is not investigated after incorporating fuzzy tuning system. A robust neural-fuzzy-network controller was designed in (Wai & Chen 2006) for the position control of an n-link robot manipulator including actuator dynamics. Although, their control scheme does not require compensating auxiliary control design, but the employed network is more complicated and uses excess number of neurons. In addition, the second derivative of position angle is required as a part of controller inputs. Capisani et al., (Capisani et al., 2009 ) presented an inverse dynamic-based second-order sliding mode controller to perform motion control of robot manipulators, but this method involves the higher order derivatives of the state variables. In this section, the motion tracking control of multiple-link robot manipulators actuated by permanent magnet DC motors is addressed. Sliding-mode-PID tracking controller is designed such that all the states and signals of the closed loop system remain bounded in the presence of unknown parameters and uncertainties. Also, neural network universal approximation property is employed for compensating uncertainties. Furthermore, the proposed controller contains an outer PID-loop that enhances the approximation performance during the initial period of weight adaptations, and provides designing a simple NN with lower amount of layers and neurons. Adaptation laws are applied to adjust the NN weights on-line. In order to avoid high gain control, the gain factor of robustifying term is designed adaptively (Shafiei & Soltanpour, 2010) .
Actuated robot dynamics
The mathematical equations describing electrical and mechanical dynamics of a permanent magnet DC motor are as follows (Spong & Vidiasagar, 1989) :
where V is the armature voltage of the motor, R and L are armature equivalent resistance and inductance, respectively, b K is the back electromotive force constant, i is the armature current and θ denotes the rotor position, m J is the total moment of inertia, m B is the damping coefficient, m τ and τ represent the generated motor torque and the load torque, respectively, and m K is the diagonal matrix of motor torque constant. The dynamical equation of an n-link robot manipulator is in the standard form of (30) and is rewritten here.
Mqq CGq Fq τ τ
Here,
is the dynamic friction vector, 
where r g is the diagonal matrix of reduction ratio. In the following a practical constraint is considered. Constraint 3.1. The maximum voltage that joint actuator can supply is max V . So, we have:
It should be noted that, the applicable control input for driving robot arm is the armature voltage of the motors, here. So, by using equations (61)- (66) and neglecting the inductance L , because of its tiny amount, the following equation is achieved.
The previous equation can be expressed in a compact form as:
with UV = is the control command and the other parameters are 
SMC-PID design and NN description
The tracking error could be defined as before as:
A key step in designing sliding mode controller is to introduce a proper sliding surface so that tracking errors and output deviations can be reduced to a satisfactory level (Eker, 2006) . Accordingly, the sliding surface is considered as (74), containing the integral part in addition to the derivative term. (74) is not adequate to claim that SMC-PID is designed, but the control effort must contain the independent PID part. For this purpose, the robot dynamic equations can be rewritten based on the sliding surface (in term of filtered error) as follows: (69), (71) and (72) respectively, and
Note that the input vector of s includes linear combination of e and e , (i.e. e e 1 λ + ) which they comprise d q , q and d q , q , too, respectively. The input dimension of the two-layer NN designed here is less than that of given by (Lewis et al., 1996) , and thus the proposed method is more desirable from an implementation point of view. Sliding mode control strategy consists of designing a two-part controller.
with eq U is equivalent control part which is applied to cancel the uncertain nonlinear function f , and s U specifies robust control term. Considering unknown parameter, uncertainties and disturbances indicates that the function f is not accessible. Briefly speaking, neural networks incorporate to reconstruct the eq U part by approximating the function f , here. According to universal approximation property of neural networks (Lewis et al., 1998) , there is a two-layer NN with sufficient number of neurons, and sigmoid or RBF activation function for hidden layer and linear activation function for output layer (see Fig. 20 arbitrary provided that the function satisfies an approximation property and it and its derivative are bounded (Lewis et al., 1998) , consequently the sigmoid activation function is considered, here. 
Sliding mode control using adaptive neural network
Note that the utilized weights in (79) are optimum and ) (x f is approximated ideally, over there. Estimation of f is accomplished by the estimated weights Ŵ and Vˆ, respectively. So, the NN controller is designed as:
and Ŵ and Vˆ are updated adaptively. The estimation errors are defined as follows:
also, the hidden layer output error for a given input x is σ σ σ σ σ) (
denotes higher order terms in Taylor series and
Now, one can obtain overall error between optimum function f and its estimation fˆ as: 
where ε σ ε
is the uncertain term and is supposed to be bounded by K as demonstrated in (89).
Design of the control system is provided in the following theorem and is illustrated in Fig.  21 schematically. Theorem 3.1. Robot manipulator including actuator dynamics represented by equation (68) is considered, and the sliding surface is defined by (74). If the control input U is designed as (90) together with adaptation laws of NN controller as (91)-(93), then the asymptotic stability of the dynamical system is guaranteed.
where v K is a positive definite diagonal matrix, K is the estimated value of K . Also, α , β and γ are positive constants and ) sgn(⋅ denotes sign function. Proof: consider the following Lyapunov function candidate ( ) ( )
where ) (⋅ tr denotes the trace operator and
Differentiating of the relation (94) gives ( ) ( )
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By substituting (90) in to the first part of (95) and by using (87) 
Replacing (96) in (95) and using above relations, produce (91) and (92) are taken in to account, then we have
substituting ( 
() 0
Lv VKs −≥ ≥ , as a result 0 s → as t →∞. Therefore, the proposed control system is asymptotically stable. Remark 3.3. The PID term in the above control effort, makes Lyapunov derivative more negative, so it makes the transient response faster and also ensures the performance efficiency during the initial period of weights adaptations. Remark 3.4. In practical systems, however, it is impossible to achieve infinitely fast switching control, because of finite time delays for the control computation and limitation of physical actuators. For that reason, the sign function is replaced by saturation function here, and the stability matter is investigated analytically. The saturation function is selected as 
Note that, since 0 1
, and consequently, the control system remains stable after replacing saturation function. Fig. 21 . Block diagram of the control system structure Remark 3.5. The sliding gain K is chosen dynamically and its dynamic depends on sliding surface. When the states go far from the sliding manifold, the absolute value of K increases to force them back to sliding manifold, and when the states are close to the sliding manifold, the absolute value of K decreases accordingly. This feature beside the replacing saturation function, act as what is heuristically designed by fuzzy system in (Ataei & Shafiei, 2008) . Furthermore, the system stability is addressed here.
Simulation example 3.1. In order to show the effectiveness of the proposed control method, it is applied to a two-link elbow robot driven by permanent magnet DC motors with the following parameters: (104) where q i is the angle of joint i, m i is the mass of link i, l i is the total length of link i, l ci is center-of-gravity length of link i, and g = 9.8 m/s 2 is gravity acceleration. The detailed parameters of this robot manipulator and permanent magnet DC motor actuators are provided in Table 3 (Wai & Chen, 2006) . According to the actuator manufacturer, the DC motors are able to accept input voltages within the following bounds:
For example, one can use 12V DC servo motors for actuating joints. In practice, also, a servo control card is required which should include multi-channels of digital/analog (D/A) and encoder interface circuits. Table 3 . Parameters of two-link elbow robot and actuators
The external disturbances can be considered as external forces injected into the robotic system, and are supposed to have following expression.
[ ]
Also, the friction term is considered here as (Wai & Chen, 2006) :
In order to show the effectiveness of proposed controller in tracking of desired trajectory, it is assumed to have the sinusoidal shape in this simulation.
The design parameters are given in of the complex plane when the system is in sliding mode ( 0 = s ). The neural network designed here has four neurons as hidden layer and two neurons as output layer, and its weights are totally initialized at zero. Remark 3.6. For a two-layer NN designed here with the input vector given by (77), we have N 1 = 6, N 2 = 4 and N 3 = 2, for a two-link manipulator. Accordingly, the numbers of adaptive weights are 24 and 8 for input-to-hidden layer weights and output layer weights, respectively. So, only 32 weight parameters must be adaptively updated here while using the NN given in (Lewis et al., 1996) , with N 1 = 10, N 2 = 10 and N 3 = 2, this number increases to 120. If the network size is chosen to large, the improvement of control performance is limited and the computation burden for the CPU is significantly increased. The gain matrix K v which acts as the gain of the PID term is determined large enough to improve transient response in the initial period of weight adaptations. On the other hand, choosing K v to a large extent increases the overall controller gain and may exceed the permissible voltages of the actuators that are regarded in constraint 3.1. So, there is a trade off between fast response and practical limitations. Table 4 . Design parameters
The mass variation of second link, the external disturbance and the friction are the major factors that affect the control performance of the robotic system. In the reminder of this section, two simulation cases are carried out to show the improvement due to the NNSM_PID control method proposed in this section. In both cases, the simulation results of applying presented method are compared with the related results of the fuzzy sliding mode_PID (FSM_PID) control method proposed in (Ataei & Shafiei, 2008) . In the first case, the disturbance (106) and mass variation are injected and in the second case, the friction term is exerted too. The mass variation condition is that 1 kg weight is added to the mass of 2 nd link (i.e. m 2 = 1.75 kg). For the FSM_PID case, the control law is as following (Ataei & Shafiei, 2008) :
where, U f is the control input, K fuzzy is of fuzzy system output and N vf and N f are the scaling gain of the fuzzy system output. Here, it is assumed that only manipulator parameters could be estimated and actuator parameters are still unknown. Simulation 1─ In this case, the friction term is neglected, mass variation occurs at 3 sec and external disturbance is injected at 6 sec. The desired trajectory is depicted in Fig. 22 . The vectors of tracking errors of FSM_PID and NNSM_PID are shown in Fig. 23 (a) and (b) , respectively. Both diagrams of Fig. 23 are plotted in the same scaled axes to achieve fairly comparison. The FSM_PID controller does not meet the tracking purpose in the unknown actuator parameters and mass variation conditions. On the contrary, the method proposed in this section provides swift and precise tracking responses. Fig. 24 displays the control efforts (i.e. input armature voltages of motors). The FSM_PID associated control commands are jagged to some extent, while, the NNSM_PID case produces smooth control commands with slowly variation and lower voltage amplitude. Lower voltage commands are more protected toward actuator saturations. The NN outputs are shown in Fig. 25 and it indicates that the designed neural network can approximate nonlinear terms with unknown parameters, smoothly and boundedly. Simulation 2─ With the purpose of showing robustness of our designed controller against uncertainties and un-modeled dynamics, the friction term (107) is added here. The vectors of tracking errors of FSM_PID and NNSM_PID are shown in Fig. 26 (a) and (b), respectively. However, the response of the FSM_PID case is further undesirable in this condition, on the other hand, the NNSM_PID control remains robust and its response is satisfactory, as well as previous simulation case. Control efforts of this case are demonstrated in Fig. 27 . Because of exerting friction term, the input voltage commands are higher than previous case but the NNSM_PID control commands are still smooth and vary slowly. The NN output is shown in Fig. 28 . Finally, as can be seen from Fig. 29 , matrix norm of the adaptive weights, Ŵ and Vˆ, have bounded value, less than 3, that it verifies what was claimed in the Theorem 3.1 about boundedness of these signals. 
Conclusion
This chapter addressed sliding mode control (SMC) of n-link robot manipulators by using of intelligent methods including fuzzy logic and neural network strategies. In this regard, three control strategies were investigated. In the first case, design of a sliding mode control with a PID loop for robot manipulator was presented in which the gain of both SMC and PID was tuned on-line by using fuzzy approach. The proposed methodology in fact tries to use the advantages of the SMC, PID and Fuzzy controllers simultaneously, i. e., the robustness against the model uncertainty and external disturbances, quick response, and on-line automatic gain tuning, respectively. Finally, the simulation results of applying the proposed methodology to a two-link robot were provided and compared with corresponding results of the conventional SMC which show the improvements of results in the case of using the proposed method. In the second case, a new combination of sliding mode control and fuzzy control is proposed which is called incorporating sliding mode and fuzzy controller. Three practical aspects of robot manipulator control are considered there, such as restriction on input torque magnitude due to saturation of actuators, friction and modeling uncertainty. In spite of these features, the designed controller can improve the sliding mode and fuzzy controller performance in the tracking error and faster transient points of view, respectively. As previous case, the simulation results of applying the proposed methodology and other two methodologies to a two-link direct drive robot arm were provided. Comparing these results demonstrate the success of the proposed method. Whenever, fast and high-precision position control is required for a system which has high nonlinearity and unknown parameters, and also, suffers from uncertainties and disturbances, such as robot manipulators, in that case, necessity of designing a developed controller that is robust and has self-learning ability is appeared. For this purpose, an efficient combination of sliding mode control, PID control and neural network control for position tracking of robot manipulators driven by permanent magnet DC motors was addressed in the third case. SMC is robust against uncertainties, but it is extremely dependent on model and uses unnecessary high control gain; So, NN control approach is employed to approximate major part of the model. A PID part was added to make the response faster, and to assure the reaching of sliding surface during initial period of weight adaptations. Moreover, four practical aspects of robot manipulator control such as actuator dynamics, restriction on input armature voltage of actuators due to saturation of them, friction and uncertainties were considered. In spite of these features, the controller was designed based on Lyapunov stability theory and it could carry out the position control with fast transient and high-precision response, successfully. Finally, two-step simulation was performed and its results confirmed the success of presented approach. However, the presented design was performed in the joint space of robot manipulator and kinematic uncertainty was not considered. For the future work, one can expand this method to work space design with uncertain kinematics. 
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